SUPPLEMENTARY RESULTS
Supplementary Figure 1: Naturally-occurring rings of transmembrane pore-lining ionizable side chains in members of the nicotinic-receptor superfamily of ion channels. a, Sequence alignment. The "M2 segment" is the second of four transmembrane -helices (M1 through M4) per subunit. Five M2 segments come together to form the transmembrane pore of these pentameric channels ( Supplementary Fig. 2a ). 5-HT3A: serotonin receptor type 3A; GlyR: glycine receptor; GABAR: -aminobutyric acid receptor. b, Nomenclature used in this paper. The order in which the different subunits are listed in the string of single-letter-code amino-acid symbols (that is, 1, , 1, 1 and ) corresponds to the order of the subunits in the muscle AChR pentamer in the clockwise direction, as viewed from the extracellular side 40, 41 . The ring of side chains at position -1 is also known as the "intermediate ring" . b, Macroscopic current-voltage (I-V) relationships recorded under KCl-dilution conditions (outside-out configuration; pH 7.4, both sides). Solution compositions are indicated in Supplementary Table 2 (solutions 6 and 7) . Data corresponding to the wild-type 1 GlyR were recorded from the human receptor, whereas those corresponding to the mutant 1 GlyR were recorded from the rat (isoform b) counterpart. As is the case throughout this paper, data corresponding to the AChR were recorded from the mouse receptor. The y-axis values correspond to the (normalized) peak-current amplitudes of transients elicited by the fast application of 1-or 10-ms pulses of 100 M ACh or 10 mM Gly (Supplementary Methods). Liquid-junction potentials were calculated using the JPCalc module in pClamp 9.0 (ref. 42) , and the voltage values were corrected, accordingly. The equilibrium (Nernst) potentials at ~22 ºC, using ionconcentration values, are -55.0 mV for K + and 50.6 mV for Cl -. Reversal potentials are indicated. The effect of the glutamates at position -1 on charge selectivity is most intriguing. Indeed, whereas the muscle AChR with a mutant AQAAA ring at this position retains a nearly perfect cation-versus-anion selectivity, the mutant GlyR with a full ring of glutamates replacing the wild-type alanines at position -1 (see Supplementary Fig. 1a ) becomes cation selective. See also refs. 2-4 and 43 for similar results with the 7 AChR and the 1 GlyR, respectively. c, Singlechannel i-V curves (cell-attached configuration; 1 M ACh; pH pipette 7.4; solutions 1 and 2) recorded from the muscle AChR (•) and from three mutants in which the ring at position -5 (•), -1 (•) or 20 (•) was mutated so as to eliminate the presence of acidic side chains. The effect of these mutations on single-channel conductance and extent of inward rectification is most pronounced at position -1 (•; see also ref. 1). All four AChR constructs also carried the burst-prolonging T264P mutation. Acid-base behavior of clusters of interacting ionizable groups. a, Definition of K a , the acid-dissociation equilibrium constant, for the particular case of a carboxylic acid. b, Acid dissociation in a system of two carboxylic acids that ionize with equilibrium constants K a and K a  when the other acid in the pair is neutral. Upon deprotonation of any one of these groups, the acid-dissociation equilibrium constant of the other acid decreases (the new equilibrium constants become fK a and fK a , where f < 1) because the dissociation of a second proton from the system could break a strong hydrogen bond between the neutral acid and the negatively charged conjugate base and could force two negative charges to be in close proximity. Hence, the proton affinities of the two acids need not be constant as a function of pH. Several examples of the effect of distance between protonatable groups on their acid-base behavior exist: a classical one is the ratio of the first and second K a s of the dicarboxylic, maleic and fumaric acids 10 ; another one is the acid-base behavior of carboxyl-carboxylate pairs in proteins 12, 13 . The larger the interaction between these two ionizable moieties, the smaller the value of f; if the interaction were negligibly small, then f  1. For the sake of simplicity, neither the molecules of water (as acceptors of the released protons) nor the resulting hydronium cations are explicitly indicated in the scheme. c, Acid dissociation in a system of three carboxylic acids (RCOOH, RCOOH and RCOOH). Only the protonated forms, their pairwise interaction factors (f 1 , f 2 and f 3 ) and the values of their acid-dissociation equilibrium constants when the other two acids in the interacting "cluster" are protonated are indicated in the scheme. For the titration curves, we assumed that the ratio of protonated-versus-deprotonated forms of only one of the acids in the system (here, RCOOH/RCOO -) can be followed experimentally, as would be the case in an ion channel if only one of them were located close enough to the ion-permeation pathway for its protonation state to affect the rate of ion conduction. The analytical expression that relates the plotted ratio to the pH of the solution is shown at the bottom. For brevity, the concentration of hydronium cations is denoted in the equation, simply, as [H + ]. The titration curves depict three situations. In red, the interactions between RCOOH and the other two acidic groups are negligible, and hence, f 1 and f 3 are unity. Regardless of how strong the interaction between RCOOH and RCOOH may be, the pK a of RCOOH remains the same irrespective of whether the other groups are neutral or charged. This situation leads to the well-known "Henderson-Hasselbalch-type" behavior with a slope of -1. In gray, all three pairwise interactions are sizable: the pK a of RCOOH increases from 4.4 (when RCOOH and RCOOH are protonated) to 8.9 upon deprotonation of RCOOH (f 1 K a = 10 -4.4 ×10 -4.5 = 10 -8.9 ); to 7.9 upon deprotonation of RCOOH (f 3 K a = 10 -7.9 ); and to 12.4 upon deprotonation of both, RCOOH and RCOOH (f 1 f 3 K a = 10 -12.4 ). A plot of the ratio of the probabilities of the RCOOH form to the RCOO -form as a function of pH yields a plot that approaches a straight line of slope -1 only at extreme values of pH; in-between these bounds, this ratio of probabilities decays less steeply with pH. In this particular numerical example, a straight-line fit through the points corresponding to pH 6.0, 7.4 and 9.0 has a slope of -0.24. Note that, in Figure 3c 
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= data recorded from a glutamate engineered at position 13 (-0.77) and from a lysine engineered at position 1 (-0.76) or 12 (-0.78). It is likely that the reason for this deviation from the "ideal" Henderson-Hasselbalch behavior is, as elaborated above, the interaction between the engineered ionizable groups and the naturally occurring ones in the rest of the protein. In blue, the pairwise interactions are also sizable but, compared to the situation represented in gray, the interaction between the RCOOH and RCOOH groups is weaker: f 2 is 10 -2. 45 instead of 10 -3.25 . This seemingly small difference has a remarkable effect on the plot: the ratio of probabilities of the RCOOH to the RCOO -forms remains nearly constant in the 6.0-10.0 pH range. From here, we conclude that interactions among ionizable groups can distort the shape of titration curves to the point that the phenomenon in question may become completely insensitive to proton concentration for a given range of pH values. Thus, because spanning a wider pH range may be experimentally unfeasible, the pH dependence may well go undetected. This is, precisely, the reason why we mutated the aspartates at position -5 to alanine when studying the conductance behavior of the AChR with a QQQEE ring at position -1; we were trying to eliminate the interactions that could have conceivably masked the pH dependence of the open-channel current fluctuations. However, as shown in Figure 3c The construct also carried the T264P mutation. In the presence of H 2 O as the extra-and intracellular solvent, the high → low and low → high conductance-level transition rates are 7,358 ± 288 s -1 and 2,079 ± 83 s -1 , respectively (mean ± standard error; number of cell-attached and outside-out patches combined = 6; total number of events analyzed = 308,155). In the presence of D 2 O on both sides of the membrane, instead, these two rates change little, and perhaps, become even faster: 7,943 ± 284 s -1 and 2,125 ± 170 s -1 , respectively (mean ± standard error; number of patches = 3; total number of events analyzed = 18,047). For both panels, openings are downward deflections and display f c  6 kHz. Note that, for both constructs, the single-channel current decreases when D 2 O replaces H 2 O as the solvent, an effect that has also been observed for the frog muscle AChR 44 and a variety of other channels 45, 46 . 37 and VMD 38 molecular-graphics software. The classification of these conformers in terms of the pairs of values adopted by the 1 and 2 angles is given using the "m", "p" and "t" naming system 39 . Because of its low probability in soluble proteins, the pp rotamer was not included in the library. In GLIC, the native glutamates of the "intermediate ring" occur at position -2ʹ. (Fig. 1a) . Because this observation is consistent with the effect expected from a negative charge added to the lining of this cation-selective pore 15 , it seems reasonable to assume that these glutamates are charged. Furthermore, because current excursions to a level of lower conductance (a "sublevel") cannot be detected in single-channel recordings from these mutants, we infer that protonation events are highly unlikely, and hence, that these single glutamates must have bulk-like pK a s. The data presented in this paper suggest that, in the wild-type channel, the four glutamates at position -1 can adopt two alternate sets of conformations that we refer to as "up" and "down" states. The lack of pH-dependent fluctuations of the wild-type's open-channel current in the 6.0-9.0 pH range (Fig. 1b) suggests that the two glutamates that contribute to the size of the single-channel current (that is, the two glutamates in "up" conformations) must have bulk-like pK a s, too. But, how about the other two? Using electrophysiological recordings, the protonation state of the two glutamates in "down" conformations cannot be estimated in a direct manner because these side chains do not contribute appreciably to the size of the unitary current. However, bearing in mind that the glutamate's carboxylate oxygen atoms in the "down" state would be solvated by water with more bulk-like character than that solvating these oxygens in the "up" state, the value of pK a "down" is expected to be bulk-like, as well. Thus, all four glutamates would be negatively charged even at pH 6.0. We can also learn about the pK a of the glutamate side chain in "down" conformations from the response of the mutant AChR having a QQQEE ring at position -1 to changes in pH (Fig. 3c) . If the glutamate side chain in the "down" state were (at least partly) protonated in the 6.0-9.0 pH range, that would imply that pK a "down" > pK a "up" . Such a scenario of two interconverting conformers of the glutamate side chain each having a different affinity for protons can be modeled as a four-state cycle ("up"-protonated, "up"-deprotonated, "down"-protonated, and "down"-deprotonated) in which proton binding favors the conformation having the higher pK a . a, Kinetic model for the acid-dissociation of an acidic side chain that can adopt two sets of conformations ("up" or "down"). K denotes the torsional-isomerization equilibrium constant (up ⇌ down) of the deprotonated form of the side chain. The corresponding equilibrium constant of the protonated form can be calculated from the other three equilibrium constants around the cycle by applying the principle of detailed balance. b, The ratio of low-conductance to high-conductance level occupancies is plotted as a function of pH for different, arbitrary values of pK a "down" . The value of pK a "up" was kept constant at 4.5, a bulk-like value for glutamate. K was fixed at 2.0, a value that, as pK a "down" becomes closer to pK a "up" , gives ratios of occupancy probabilities at pH 6.0 and 9.0 that are similar to those found experimentally for the AChR with a QQQEE ring at position -1 (•; see also Fig. 3c, same symbols) . Values of K lower than 2.0 displace the curves downward; values higher than 2.0 displace the curves upward. The probability of the open-channel current signal dwelling in the lowconductance level was calculated, using the kinetic model, as P RCOOH "up" + P RCOOH "down" + P RCOO -"down" , that is, the sum of the probabilities of the side chain being protonated (regardless of the conformation) or deprotonated and in a "down" conformation. The probability of the open-channel signal dwelling in the high-conductance level was calculated as P RCOO -"up" . The shallow pH dependence of the ratio of occupancy probabilities found experimentally (•) suggests that pK a "down"  pK a "up"  pK a bulk . Thus, this argument provides further support for the notion that the intermediate-ring glutamates are largely deprotonated, even at pH 6.0, regardless of their conformation. In a and b, the view is from the intracellular side; in c and d, the view is from the extracellular side. NavAb is a member of the NaChBac family of bacterial voltage-dependent Na + channels (P Na + /P K +  170; P Ca 2+ /P Na +  0.15; ref. 49) and, as such, it contains a ring of four glutamates in the selectivity filter that may well resemble the ring of acidic side chains in the selectivity filter of eukaryotic Ca V channels. NaK2CNG-E (P Na + /P K +  1; apparent K D extracellular Ca 2 2+ +  60 M, in the presence of symmetrical 150 mM K + ; ref. 48 ) is a mutant of the bacterial NaK non-selective cation channel engineered so that the amino-acid sequence of the selectivity filter mimics that of eukaryotic CNG channels. Thus (among other changes), the selectivity filter of NaK2CNG-E bears a ring of four glutamates, too. Although a comparison of distances between the carboxylic oxygen atoms of adjacent glutamates, and between the carboxylic oxygens and the central axis of the pore does reveal some differences (Supplementary Table 1) , it is not immediately obvious from these values why, for example, the P Na + /P K + ratio of NaChBac is so high or the (apparent) affinity of the muscle AChR for extracellular Ca 2+ is so low (K D extracellular Ca 2 2+ +  5-10 mM, in the presence of extracellular 150 mM Na + ; ref. 9). Evidently, selectivity among cations must depend on structural details and/or physicochemical properties of the microenvironment that the simple analysis of distances performed here does not take into account. We do note, however, that the ring of glutamates in the NavAb and NaK2CNG-E channels (and, by implication, in Ca V and CNG channels, respectively) lies beneath the channel's surface, several angstroms into the pore, whereas that of GLIC (and therefore, almost undoubtedly, the intermediate ring of all cation-selective members of the nicotinic-receptor superfamily) sits right at the interface between the intracellular solution and the transmembrane region ( Supplementary Fig. 11 ). The molecular image was made with VMD 38 .
GLIC (3EAM) GLIC (3EHZ)
NavAb (3RVY) NaK2CNG-E (3K0D) In some recordings, sojourns in the low-conductance current level seemed to be interrupted by brief and infrequent excursions to the high-conductance level. Similarly, sojourns in the high-conductance current level occasionally seemed to be interrupted by brief and infrequent excursions to the lowconductance level. These rare events motivated the inclusion of additional open states (Open High * and Open Low *) to the kinetic model. In some cases, both additional open states were justified 50 ; in other cases, only one was justified, and in others, no additional open state was needed. The extent to which these brief excursions represent idealization mistakes rather than genuine sojourns in a different open state, however, remains unknown. For the estimation of the rates of open-channel current-level interconversion, we decided to ignore these brief excursions by considering that the "effective" rate of the low-to-high transition is k L→H k 2 /(k 1 + k 2 ), whereas the rate of the high-to-low transition is k H→L k 4 /(k 3 + k 4 ). In all cases where these short-lived states were justified, the k 2 /(k 1 + k 2 ) and k 4 /(k 3 + k 4 ) ratios were ~1, and the k 1 /k L→H and k 3 /k H→L ratios were <1. Importantly, the conclusions of this paper would not change if the open-channel current fluctuations were fitted, simply, with two open states in all cases. Supplementary Table 2 . Composition of solutions used for electrophysiological recordings *Fluoride was added to the pipette solution because it seemed to increase the stability of outside-out patches. This anion does not permeate appreciably through the anion-selective wild-type 1 GlyR 51 ( Supplementary Fig. 2b ). †The pH buffer was MES at pH 6.0 and 6.5, HEPES at pH 7.4 and 8.0, and TABS at pH 8.5, 9.0 and 9.5. Solutions containing H 2 O as the solvent were titrated to final pH with KOH; for solutions having D 2 O as the solvent, KOD was used, instead. ‡This solution also contained 1 M ACh. §The pH of this solution was 7.4 regardless of the pH of the solution in the pipette.
||The solution in one of the two barrels of the theta-type tubing also contained ligand (100 M ACh or 10 mM Gly, as indicated). 
